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Final Report
1. Title of Project: “Quantum Dot Intersubband Long-Wavelength Detector Arrays”
2. Grant Number: DAAD 19-00-1-0394
3. Period Covered by Report: 06/19/00 — 06/18/04
4. Name of Institution: University of Michigan, Ann Arbor
5. Principal Investigator: Pallab Bhattacharya
6. Scientific Progress and Accomplishments:

A. Motivation

The overall objectives of this program were to design, fabricate, and characterize
multispectral, mid- (3-5 pm) and long-wavelength (8-20 um) infrared (IR) focal plane
arrays with quantum dot active regions. By using quantum dot infrared photodetectors
(QDIPs) as the detector array in a focal plane array (FPA), the IR camera performance is
expected to benefit from: i) multi-wavelength detection due to numerous parameters for
tuning the bound-state energy spacing, ii) inherent sensitivity to surface-normal incident
light due to the polarization selection rules for a quantum dot, iii) higher efficiency due to
a large electron relaxation time from excited states due to the phonon bottleneck leading
to, and iv) low dark current due to the 3-D quantum confinement of the electron
wavefunction. Both the increased electron lifetime and the reduced dark current indicate
that QDIPs should be able to provide high-temperature operation (> 120 K). Achieving
operating temperatures in this range is very important because it can reduce both the
cost and weight of IR cameras by enabling the use of thermoelectric coolers as opposed
to liquid-nitrogen dewars. Since beginning this work in 2000, this research has
contributed to increasing the QDIP operating temperature from 40 K to 175 K for
normal-incidence devices in the 3-5 um wavelength range, and we have been able to
demonstrate excellent device characteristics in several different areas of QDIP
performance.

In order to achieve the objectives of this program we investigated methods for the
design, fabrication, and characterization of photoconductive and photovoltaic single
devices and arrays with an operating temperature = 150 K, a specific detectivity (D*) 2
10" cmHz"?/W, and a noise equivalent temperature difference (NEAT) = 10-20 mK
under an ambient temperature of 300 K. Our approach consisted of the molecular beam
epitaxial growth of vertical detector heterostructures with self-organized quantum dot
active regions, the study of carrier dynamics in quantum dots, and the fabrication and
characterization of single pixel devices and arrays with complementary theoretical
analysis.

B. Molecular Beam Epitaxy (MBE) of Quantum Dots
The advantages of QDIP device operation are derived from the zero-dimensional
size of the quantum dot. However, an array, or ensemble, of quantum dots is required for




the active region to efficiently absorb IR light. Since the electrical and optical properties
are extremely dependent on the quantum dot size, the manner in which a quantum dot
ensemble is realized is crucial to detector characteristics. Thus, for high performance
devices: i) the lateral and vertical sizes of the quantum dots must be controlled to range
from 4 nm to 20 nm and ii) quantum dot ensembles should have a large area density, low
defect concentration, and large uniformity of quantum dot size and shape. However, the
epitaxial growth mechanism for self-organized quantum dots, known as the Stranski-
Krastanow growth mode, introduces random fluctuations in quantum dot size, material
composition, and doping. The resultant inhomogeneously broadened linewidth (~ 50
meV) has a deleterious effect on QDIP performance. Subsequently, the quantum
efficiency in these devices can be lower than what is predicted theoretically. An
important result from this program has been the development of epitaxial growth
techniques to improve the uniformity of self-organized quantum dots for increased IR
absorption and state-of-the-art QDIP performance.

a. Laterally-coupled Quantum Dots

One way to circumvent the uniformity issue is to induce lateral coupling of
quantum dots. Laterally-coupled quantum dots (LCQDs) nucleate with a nearest
neighbor distance of approximately 10 nm in the plane perpendicular to the growth
direction. This proximity results in the formation of minibands and a reduction in the
ensemble linewidth, approaching the thermal broadening limit (~ 6 meV at 70 K). We
have used various techniques to invoke lateral coupling, including reduced substrate
temperatures during MBE, strain patterning of quantum dots either through vertically-
coupled quantum dots or buried stressor quantum dots, and the incorporation of
aluminum in the quantum dot or the surrounding barrier material. The buried stressor
dot technique has resulted in an ensemble linewidth as narrow as 19 meV. In addition,
by combining aluminum incorporation in either the quantum dot or the barrier with
reduced substrate temperature during MBE growth, dense arrays of quantum dots were
obtained. Such InAs/AlAs quantum dot ensembles grown at 490 °C were very dense and
improved QDIP performance through the larger fill factor for increased IR absorption.

b. Large Quantum Dot Stacks

IR detection requires a large absorption volume to efficiently convert photons to
electrons. Therefore, the small absorption region in QDIPs should be increased for better
quantum efficiency. The most straightforward approach to increase the absorption
region is to grow a large number of quantum dot layers in the detector active region.
During the course of this program, we have determined the MBE growth technique for
obtaining 70-layers of uncoupled quantum dot layers such that the resulting strain is
incorporated coherently and the dislocation density in the heterostructure is minimal.
The GaAs barrier region thickness required in InAs/GaAs quantum dots to minimize the
effect of the strain field from one dot layer to the next was determined to be
approximately 50 nm. This large GaAs barrier thickness is essential to obtaining large
QD stacks for increased absorption of incident IR light. In addition, such barrier layers
help reduce thermionic emission and tunneling contributions to the dark current, leading
to state-of-the-art performance.




C. QDIP Design, Fabrication, and Characterization
During the course of this program, we have also developed three different QDIP
heterostructure designs that have yielded state-of-the-art performance for various QDIP
figures of merit: i) InAs/GaAs QDIPs featuring a single, Alg3Gag7As current-blocking
barrier, ii) InAs dot-in-a-well QDIPs featuring an Al1As/GaAs superlattice barrier, and iii)
70-layer, InAs/GaAs QDIPs. The performance for these device designs is summarized in
Table I

a. Aly;Gay:As Barrier QDIP

QDIPs using vertical photoconduction geometries collect photocurrent through
the transport of carriers in the surface-normal direction. In such devices, AlyGa;.xAs
barriers can be included throughout the device heterostructure to block dark current
generated by the thermionic- or field-assisted-tunneling emission of electrons from
quantum dots. However, it is important to note that such current-blocking barriers also
reduce photocurrent since identical transport paths exist for thermally- and photo-excited
electrons. This heterostructure design, comprising repeated layers of InAs/GaAs
quantum dots followed by a single Alj3Gag7As current-blocking barrier adjacent to the
top contact layer, provided high detectivity at T = 100 K due to very low dark current in
the device, as shown in Table 1.

b. Superlattice Dot-in-a-Well QDIP

The demonstration of large responsivity in QDIPs has been difficult due to the
trade-off between the generation of photocurrent and dark current, as mentioned in the
case of the Alyg3Gag7As barrier QDIP. While the calculated absorption coefficient is
large for a single layer of InAs/GaAs quantum dots, the typical InAs/GaAs quantum dot
surface density is ~ 5x10'® cm™ and the corresponding fill factor ranges from 25-28 %.
As a result, the quantum efficiency of QDIPs tends to be low. Recently, some progress
towards increasing the responsivity in QDIPs has been achieved by using a dot-in-a-well
(DWELL) heterostructure, where better confinement of carriers is the main reason for
improvement in device performance. A similar heterostructure, the superlattice (SL)
DWELL QDIP, comprising InAs quantum dots embedded in an AlAs/GaAs SL barrier,
has also been reported. This device differs from a typical DWELL QDIP in that the
quantum wells are coupled such that minibands are formed in the conduction band of the
device heterostructure. The creation of these minibands can significantly impact device
operation, particularly in terms of increasing the quantum efficiency and gain for
improved responsivity.

In the SL DWELL QDIPs studied during this program, a significant development
of the heterostructure design resulted from the MBE techniques discussed earlier. The
InAs quantum dots were grown directly on the AlAs barrier layers of the SL to approach
laterally-coupled dots, resulting in the following advantages: i) the QD surface density
and fill factor increase significantly, leading to more efficient absorption of IR light, ii)
The AlAs barrier provides increased carrier confinement in the vicinity of the undoped
QODs, as in the case of DWELL QDIPs, iii) multiple bound-state-to-miniband transitions
can occur from the QD ground and excited states, providing the possibility of multi-
wavelength detection, iv) the absorption coefficient can increase as a result of better




wavefunction overlap between the quantum dots and the SL, and v) the presence of
electronic minibands provides efficient carrier transport through the device.

¢. 70-Layer InAs/GaAs ODIP

As discussed earlier, large quantum dot stacks (70 layers) were grown by MBE in
an attempt to increase the absorption, and thereby the quantum efficiency, in QDIPs.
Therefore, by including 70 quantum dot layers in the InAs/GaAs QDIP, the amount of
absorbed IR light increases significantly, contributing to better detector performance. In
addition, the 50 nm, GaAs barriers required for reducing dislocation propagation in the
large quantum dot stack contribute to extremely low dark currents in the 70-layer QDIP,
as shown in Table 1.

d. Summary of State-of-the-Art QDIP Performance

The extensive device characterization conducted in this program has been very
influential in understanding the device physics of QDIPs and developing techniques for
improving QDIP performance. By investigating these different QDIP designs,
performance benchmarks necessary for FPA fabrication have been realized. The best
results for devices measured at the Army Research Laboratory (ARL) and the Jet
Propulsion Laboratory (JPL) for the AlGaAs barrier QDIP, the SL DWELL QDIP, and
the 70-layer QDIP are summarized in Table I.

The dark current and spectral responsivity measurements conducted at JPL have
confirmed that the 70-layer QDIP heterostructure is suitable for incorporation into
FPAs. Table II shows the required QDIP array performance for FPA fabrication at JPL
using a (350x256) silicon read-out circuit manufactured by Indigo Systems Inc. for
operation in the MWIR range. Of partlcular importance are the ROIC bias requirements
(£2.0 V), charge well capacity (18x10° electrons), and operating temperature (> 80 K),
which are quantities that significantly affect how well the QDIP array can be hybridized
in order to make a FPA. By comparing the measured and estimated figures of merit for
the 70-layer, InAs/GaAs QDIP characterized at ARL and JPL with the required
performance parameters listed in Table II, this device design is suitable for FPA
Jfabrication with an operating temperature as high as 150 K.

Table I. Summary of Figures of Merit in Different QDIP Designs

. Operating | Operating Figure of
QDIF Design Temperature Bias Merit Value
Jgark 6.17x10°° A/em®
L))
Alo,3Gao.7AS MNeonv 0.033 %
Barrier QDIP 100K 0.2V
Rpeak 0.99 mA/W
D*peak 2.9x10° emHz'?/W
15 nm SL ;
DWELL QDIP BK 15V Jaark 3.86 A/lem
TNeonv 70 %




Rpeak 2.5 A/W
D*peak 1.8x10” cmHz'*/'W
Jaark 1.83x107 A/em?
70-layer .
InAs/GaAs MNeonv 3.2%
QDIP 175K 20V
(ARL) Rpeak 0.120 A/W
D*peak 4.15x10" cmHz"*/'W
Jaark 5.80x10° A/cm’
70-layer
Riea .
InAs/GaAs peak 0.201 A/W
QDIP 150 K 20V D
peak 10 12
(JPL) (estimated) 3.7x10"" emHz “/W
NEAT
estimate
. d) 50 mK

Table II. QDIP Array Performance Requirements for FPA Fabrication at NASA JPL

D. Achieving QDIP Focal Plane Arrays

QDIP Array Figure of Merit

at Operating Bias Value
Dark Current Density ~ 10" A/em?
Peak Responsivity ~'0.100 AW
Peak Specific Detectivity ~ 10" emHZ"*/W
NEAT ~20 mK

Given the state-of-the-art performance in discrete QDIP devices achieved in this
program, we also considered some of the issues related to fabricating and characterizing
an array of QDIPs. Therefore, we have investigated the uniformity of small QDIP arrays
and we have used an interconnected QDIP array in a raster-scan imaging technique to
obtain in IR image using a quantum dot active region.

a. Uniformity Studies of InAs/GaAs QDIP Arrays

An important factor in the success of a FPA is the pixel operability, which depends
greatly on the uniformity of the detector array. As a preliminary study to bridge the gap
between discrete device performance and full-scale FPA fabrication, the uniformities of
different quantities related to QDIP performance have been investigated. First, the
uniformity of as-grown, InAs/GaAs QDs was investigated through PL and FTIR
absorbance measurements. Second, dark current I-V curves were measured for several
temperatures across (4x4) arrays of InAs/GaAs QDIPs with a single Aly3Gag7As barrier.




Subsequently, the non-uniformities (%) of dark current and activation energy were
determined for the QDIP arrays. The non-uniformity is calculated by the ratio of the
standard deviation to the average of a given quantity across the array, and lower non-
uniformity percentages correspond to more consistent device characteristics across the
array.

In order to determine how the spectral response characteristics might vary across a
large-area, QDIP array, photoluminescence and Fourier transform IR absorbance
measurements were conducted across a 2.54x10* pm? sample of 70-layer InAs/GaAs
quantum dots. The surface area of the sample was approximately equal to that of a
standard (320x256) silicon read-our circuit. These preliminary measurements, shown in
Table III, indicate very low non-uniformity in the optical properties across the array, which
is encouraging for FPA applications.

Table III. Non-uniformity of Optical Properties in 70-layer InAs/GaAs QDs

70-layer InAs/GaAs Non-
QDs uniformity (%)
PL Peak Wavelength 0.57
PL FWHM 28
Linewidth )
FTIR Absorbance 75
Intensity )

In addition, an individually-addressable, (4x4) QDIP array was fabricated for the
dark current non-uniformity study. The pixel size was 50 pm in diameter and the pitch
(measured from pixel center to pixel center) was 100 um. For the dark current
uniformity study, the non-uniformity in dark current across the array was determined as a
function of bias voltage for several different temperatures. At the optimal bias point of
0.5 V (determined by signal-to-noise ratio measurements of the detector blackbody
response) and a detector temperature of 100 K, the (4x4) array had 12.2 % non-
uniformity in dark current. Large-area QWIP FPAs typically experience dark current
non-uniformity from 10-20 %. Thus, while the InAs/GaAs QDIP array area is much
smaller than that for a quantum well FPA, this study still signifies that the fabrication of
large-area QDIP FPAs is feasible despite the random size fluctuations experienced by
quantum dots.

b. Raster-Scan Imaging using a (13x13) QDIP Array

In an effort to demonstrate imaging using InAs/GaAs QDIPs, a raster-scan
imaging system was developed in which the field-of-view was scanned simultaneously in
the x- and y-axes by a raster scan motion provided by two mirrors. An array of
photocurrent/voltage values was compiled as the field-of-view array elements were
scanned either by a small, interconnected detector array. In this way, IR imaging with
InAs/GaAs QDIPs was demonstrated using a raster scanning technique. A small array
was used in the imaging system because it permitted the collection of IR light more easily
due to the larger optical area. In addition, the average photocurrent from the array was
larger, and therefore, easier to distinguish from background noise. Standard
photolithography and wet-etch processing were used to fabricate (9x9) and (13x13) non-




addressable (interconnected) arrays of QDIP pixels using as-grown, InAs/GaAs QDIP
material. The pixel diameter was 40 pum, and the array pitch was 120 um. An SEM
image of an interconnected, (9x9) QDIP array is shown in Fig. 1. The entire array has a
single top contact and a single bottom contact for all of the pixels, effectively behaving as
a single detector with a very large optical area and generating a single photocurrent
signal.

Figure 1. Scanning electron microscopy image of a (9x9), interconnected, InAs/GaAs QDIP
array. A similar, (13x13) InAs/GaAs QDIP array was used for raster-scan imaging.

The (13x13) QDIP array, with which the imaging experiments were conducted,
was housed in a cryostat with a KRS-5 entrance window and held at a temperature of 80
K. The resolution of images obtained by this raster scan technique was determined by the
incremental motion of the two scanning mirrors, as well as the integration time (time
constant) of the lock-in amplifier. All of the objects imaged were placed directly in front
of the XY mirror bracket, at 90 ° to the QDIP array and no more than 40 cm away from
the mirror bracket entrance window. The images that were obtained are shown in Fig. 2.
Figure 2(a) shows the image of a 20 W broadband IR globar source through a circular
pinhole with a diameter of approximately 2 cm. Figure 2(b) is the image of a 700 °C
furnace igniter shielded by an aluminum block with a 1 cm diameter circular pinhole and
a linear slit. There is some distortion present because the computer program used to
display the images treats each array element as a rectangle, whereas the image array is
actually square. Figure 2(c) depicts the partial image, in this case limited by the field-of-
view of the scanning mirrors, of the heating element of a hot plate at 500 °C. Portions of
the heated strips (schematically shown in the inset) are seen as the bright regions. The
width of each metal strip is 2 cm with a 1.5 cm space between strips. All three images
were obtained at different distances from the QDIP array, thus size comparisons cannot
be made from image to image. These results indicate that, with progressive improvement
of device performance, QDIPs should be applicable to IR imaging FPAs.
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Figure 2. Raster-scanned images obtained from the (13x13), InAs/GaAs QDIP array at T = 80 K:
(a) 20 W broadband IR globar source through a circular pinhole, (b) 700 °C graphite furnace
igniter through a circular hole and linear slit, and (c) 500 °C heating element from a hot plate,
shown schematically in the inset, partially showing two metal strips.

E. Summary

In(Ga,Al)As/(Ga,Al)As QDIPs are positioned to become an important technology
in the field of IR detection, particularly for the type of high-temperature, low-cost, high-




yield detector arrays required for the military and other highly sophisticated applications.
This research has advanced the state-of-the-art in QDIP performance, demonstrating
that it is reasonable to incorporate these devices into a FPA operating at 150 K for
MWIR detection. These improvements have been achieved by investigating several
significant areas of QDIP operation to obtain a complete picture of the many different
Jactors that affect detector performance: i) MBE growth of QDs for increased absorption
of IR light, ii) design, fabrication, and characterization of state-of-the-art, discrete
ODIPs operating at elevated temperatures, and iii) the characterization of small QDIP
array properties.
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